We present an actively Q-switched Nd:YAG micro laser, generating 1mJ, 1.7 ns at 1 kHz repetition rate. An RTP Pockels cell is used to obtain single frequency output with 470 ps pulse-to-pulse timing jitter.
Introduction
Q-switched, single frequency lasers are essential for wide variety of applications such as high-resolution spectroscopy, LIDARs, optical communications and laser trapping or cooling. Such lasers operating at 1064 nm that are compact and provide high energy at high repetition rates are ideal seed sources for solid-state-bulk or fiber amplifiers. Following the demand of these applications, in the recent years a significant amount of effort is focused on the development of passively Q-switched microchip lasers. Besides, single longitudinal mode can be achieved in passive microchip oscillators with extremely thin gain materials [1] , but this consequentially limits the amount of the generated energy per pulse. Although the passive microchip lasers are compact and robust devices their applicability is limited due to the inherent non-saturated losses in the absorber, which impose considerable limitation over achieving high levels of average power (~100mW) and poor ability for synchronization of the laser pulses with external electrical signals. Reducing the pulse-to-pulse timing jitter to ps-time scales requires elaborate optical schemes [2] , that would increase the level of technical complexity. On the other hand, the microchip and mini lasers with active Q-switching overcome easily the time jitter issue in the laser synchronization. However, the introduction of an active modulator leads to increase of the optical length of the cavity eventually resulting in increase of the pulse duration over a few ns and therefore obtaining single frequency operation is more difficult and requires a different approach. Consequently, a laser generating ~1-nanosecond, single frequency, TEM00, milli-joule pulses with kHz repetition rate and high average power (≥ 1W) is at high demand.
In this report we present an electro-optically Q-switched Nd:YAG micro laser with self-injection seeding, providing single-frequency, TEM00, 1.7 ns output pulses at 1064-nm, with 1 mJ, and 1 kHz repetition rate. Illustration of the laser layout is shown on Fig. 1 . The active element (AE) is a TEC-cooled, 7-mm long, 1 at. % doped Nd:YAG crystal with an aperture of 3×4 mm 2 and effective absorption of 90 % at 808 nm. It is longitudinally pumped through the rear mirror by a fiber coupled quasi-CW diode laser bar, emitting 200-μs pump pulses at 808 nm with maximum peak power of 53W. The pump beam is delivered through a 600μm optical fiber and imaged in the active element through an aspheric-lens objective with a 1:1 magnification ratio.
Experimental setup and results
We have chosen a V-shape laser cavity configuration with a thin-film polarizer (Pol, Fig. 1 ) that serves as a polarization-dependent output coupler. TEM00 mode stability at high pump powers was ensured by choosing a plane -convex rear mirror geometry of the cavity. In order to compensate the thermal lensing effect in the active medium, a radius of curvature of 150 mm for the convex mirror RM2 was selected. Thus, a single-transverse mode of operation with beam size of 600 μm in the gain medium at 1 kHz repetition rate could be achieved. For polarization control, a two 5-mm-element RTP Pockels cell (PC, Fig. 1 ) with aperture 2.5×2.5 mm 2 was used. In this configuration the optimum output coupling was set by detuning the quarter wave plate (λ/4) in such manner that the transmittance of the polarizer for the horizontally-polarized beam (to the output) was approximately 70%. In this way, the intra-cavity fluence in the PC was reduced approximately 3 times, allowing high power and high energy regime of operation of the laser.
In order to achieve a single frequency operation a method for self-seeding with prelease stabilization was implemented. An electro-optical modulator for self-seeding has been used already for stable Q-switching in ring resonator [3] . An optical negative feedback is introduced that includes a fast photodiode (PD, Fig. 1 ). Signal from the photodiode is fed back to the PC via the PC driver, which is controlled by microcontroller. An algorithm is utilized for effectively increasing the loss of the cavity when the intensity of the beam increases and thus, assuring active dampening of the prelease spiking. When pumped with 10.5 mJ energy per pulse at 1 kHz repetition rate, the output from the oscillator in Qswitched mode is 1 mJ (see Fig. 2 ). The pump threshold is 7.2 mJ with 34% slope efficiency. Beam quality is measured to be 1.05 in the horizontal direction and 1.02 in the vertical direction (Fig. 3a) with a Gaussian profile (Fig. 3b) which is an indication that there is a good overlap between the pump beam size and the fundamental cavity mode. The pulse duration of the micro laser is measured to be 1.7 ns (FWHM) at the highest pumping energy of 10.5 mJ. When the preleasing is suppressed and optical feedback is turned off, a strong modulation is observed in the pulse temporal shape (Fig. 4a) which is a result of longitudinal mode beating. On the other hand, once the preleasing is enabled and the negative feedback is turned on, the output pulses do not exhibit high frequency modulation (Fig.  4b) The observed regime was stable, without pulse-to-pulse mode hopping and energy stability of 3% RMS. The measured jitter of the delay between PC's triggering pulse and output pulse was 470 ps FWHM (Fig. 5 ). 
Conclusion
We have presented a self-seeded, single-frequency operation of Nd:YAG micro laser achieved through a simple and effective approach. 1.7-ns, high energy pulses (1 mJ) are generated at 1 kHz repetition rate with a neardiffraction limited beam quality. Timing jitter of 470 ps and pulse stability of 5% are obtained using an active Qswitching and an electro-optical feedback is applied for a single frequency operation.
The reported high energy oscillator is a promising seed source for high energy/average power laser systems. An efficient amplification of the laser output up to 20 mJ output energy was demonstrated in an single stage transversely diode-pumped amplifier with a Nd:YAG rod (3x55 mm).
Acknowledgments
This work has been funded by the Bulgarian Ministry of Economy under OP "Competitiveness" project grant number BG161PO003-1.1.05-0126-C0001.
